The 2011 Great East Japan earthquake and tsunami was a magnitude 9.0 Mw event that destroyed most structural tsunami countermeasures. However, approximately 90% of the estimated population at risk from the tsunami survived due to a rapid evacuation to higher ground or inland. Thus, tsunami evacuation is the most effective measure to reduce casualties. In this paper, we applied a new developed evacuation model integrated with the numerical simulation of tsunami for casualty estimation. This tool is to support decisions in disaster management and disaster prevention education. The model was developed in NetLogo, a multi-agent programming language and modeling environment for simulating complex phenomena. Geographic Information Systems (GIS) datasets are used as spatial input information for road and shelter locations. The TUNAMI model of Tohoku University is used for the integration of tsunami numerical simulation results. In this paper, the study is performed in a tsunami threatened urban area of Callao, Peru, called La Punta. Results show the various contributions of the model to disaster management and scenario analysis. Among the contributions are the casualty estimation in a tsunami risk area and the analysis of the spatial distribution of vertical evacuation shelters.
Introduction
It is expected that authorities in low-lying coastal areas at high risk of tsunami promote immediate evacuation after strong ground motion or when warnings are issued. In tsunami prone areas with only a short time available for evacuation, finding safety on high ground is an important issue and especially difficult in flat plains areas. The development of effective warning systems and evacuation strategies is of primary importance in mitigation measures for tsunami events [1, 2] . Also, simulation plays a decisive role in the analysis of risk, helping to prevent dangerous situations in huge crowds and improving the overall evacuation performance [3] in contribution to disaster management. It is the purpose of this research to explore the human behavior and the evacuation simulation and the integration with the well-known technique of tsunami simulation for a comprehensive assessment of tsunami risk.
Evacuation Simulation Models
There is a large number of evacuation models in previous studies. Models such as those related to building evacuation due to fire events [4] [5] [6] [7] [8] , evacuation from ships [9] and aircraft [10] and also models to simulate traffic and regional evacuation in case of hurricanes, nuclear accidents and floods [11] [12] [13] . These and others [14, 15] , were consulted to comprehend the state of the art in the field of pedestrian dynamics and traffic simulation. As a result, it was observed that there is increasing interest in microscopic and individual simulation of complex events. There is also a need for realistic and effective tools to simulate human behavior and the several phenomena and risks that threaten human safety.
A brief review of the most recent tsunami evacuation models is as follows:
• [16] The model uses multi agent systems moving on a road network map and following predefined rules. Some assumptions in this model are that (i) agents follow the shortest paths through a linked network. Short in terms of distance for pedestrians and time for vehicles. (ii) fast evacuees pass slower ones when space is available, and (iii) vehicle speed depends on road width. For this model, the model unit agent is the family (4 persons). Three kinds of agents are shown, i.e., the family walking, the family in a car, and 2 members of the family on a motorcycle. Tsunami casualties are counted when inundation depth exceeds 1.00 m at the actual location of an agent. In this case, there is a limitation on the representation of individual behavior and outcome for each evacuee.
• [17] In this model, Multi-Agent Transport Simulation (MATSim) is used as the toolbox for the implementation of large-scale agent based simulation. The purpose of this model is to find the best evacuation condition that benefits all agents. The set of repetitions and iterative learning framework lead to Nash equilibrium as the best approximation of the desired evacuation. Some of the findings in this study are that (i) the shortest path solution is not suitable for evacuation planning because it does not consider congestion effects and underestimates travel times; and (ii) Nash equilibrium considers these congestion effects but does not take into account the timedependent aspect of the hazard.
• [18] The authors present a tsunami evacuation model based on a multi agent system approach. Each evacuee is an agent with the characteristics of age, speed, fatigue level and disaster mitigation awareness. Interaction of these data with the environment describes the evacuation behavior. The model considers only agents as pedestrians and there is no vehicle simulation for traffic conditions. Evacuation start time is also strictly based on questionnaire data. Departure times are based on situational conditions that trigger protective action.
• [1] other tsunami related models developed a static tsunami evacuation model using GIS tools in order to investigate and assess risk and evacuation planning in a multilingual society. Using multi agent simulation, [19] aims at understanding human behavior and its interaction effects in a tsunami disaster.
Among these models, there are several differences related to representation of the unit of simulation -the agent -and its characteristics such as evacuation start time decision, route choice, mobilization means, shelter selection and rules for avoiding obstacles. While some of them do not consider the vehicle agent in simulation, underestimating possible crowding and bottleneck conditions, others use a simplistic method of casualty estimation by stopping simulation at the estimated tsunami arrival time and categorizing all remaining agents as possible casualties. In this study, a casualty is understood as an individual trapped in a tsunami with very little chance for survive at the inundation depth and flow velocity. Therefore, integration of a more realistic condition of the probability of becoming a casualty related to tsunami characteristics will be applied here.
With evacuation simulation models, it is possible to analyze alternatives for safer routes, destinations, evacuee response and other possible decisions for disaster mitigation in an area [20, 21] . Emergency evacuation models may be classified at first on: (i) large-scale scenarios, e.g. hurricanes, nuclear power plants, tsunami, etc. and (ii) small-scale evacuation of buildings or vessels due to bomb threats, fire, etc. Traditionally, large-scale scenarios were modeled following a macroscopic approach with vehicular evacuation. In macroscopic models the flow or group of individuals on the move is the smallest unit simulated. In recent years, researchers are focusing on the microscopic simulation of individuals. Here, an agent or individual is the smallest unit simulated. Although it is the individual who is the main element during the develop stage, final attention lies on the overall emergent behavior of agents interaction. This is possible due to the fast development of computing capacity in memory processes, graphic rendering and data storage. Here, the model is developed for a large-scale scenario, however considering the microscopic level through an agent based simulation approach.
Agent Based Modeling
Models are used to gain understanding of and insight into aspects of the real world. In several cases, the cost of developing and experimenting with models is small compared to the cost of experimenting in the real world [22] . In the case of tsunami evacuation drills, for instance, the society or community involved is required to stop its daily activities and move along the streets to safe areas. Evacuation sometimes lasts for long distances and time, creating unpleasant feelings in residents and tourists. The level of participation is rarely near 100% of the population. It is therefore, difficult to repeat the exercise very often [21] . However, local stakeholders and authorities need to test the feasibility of their evacuation plans and the possible flaws related to it. For that reason, modeling techniques help on the understanding of systems which are difficult to observe in the real world.
Agent-based modeling and simulation (ABMS) is a relatively new technique to model systems comprised of autonomous and interacting agents [23] . Each agent individually assesses its situation and makes decisions on the basis of a set of rules. Various behaviors can be given to the agent for the individual decision-making process or the interaction with the environment and other agents. The main advantage of ABMS is that it captures the emergent phenomena from the bottom up by modeling agents interaction and behavior. Based on this, ABMS models are suitable for evacuation simulation that considers aspects of human behavior. Although pedestrians, and in general drivers, usually try to walk or drive minimizing detours or taking the optimal path to their targets, there are fluctuations in human behavior. Therefore, simulation results are to some extent uncertain. However, if the simulated crowd is large enough and the simulation run is repeated several times (Monte Carlo simulation), then uncertainty about individual behavior averages out at the macroscopic level of description [3] .
Human Behavior in Tsunami Evacuation
Tsunami evacuation is a way of coping with an emergency and the key to successful evacuation is being able to move all people at risk to safer areas in the time available [24, 25] . Early Warning Systems (EWS) have been developed to contribute promoting fast evacuation when a tsunami happens. Even after great improvements in EWS tsunami technology, some people still decide not to evacuate from an area threatened by a dangerous situation such as a tsunami [26] [27] [28] [29] [30] . Therefore, it is important to look not only into available technology and ways to improve it, but to look at the people involved and their behavior and decisions. Warning is only one element and not necessarily the most important in evacuation behavior [25] .
When we look into the individual, we may find that human behavior is the most complex and difficult aspect of the evacuation process to simulate [5] . Human behavior includes complex problem solving [31] and individual characteristics with both aspects difficult to capture in mathematical equations [32] . In several attempts with models, human behavior in evacuation is observed and the simplification of these individuals and their emergent behavior has been considered to explain a part of the whole phenomenon. For example, herding effects generally occur if the view is limited, e.g. by smoke, darkness of the night, etc., or if people do not have local knowledge, e.g. they do not know where emergency exits or shelters are. Under such circumstances people often rely on others, hoping that they know better [3] . Another example is the phenomenon of lane formation that is observed when a uniform walking direction emerges instead of walking equally distributed over sidewalks or corridors. This way, the number of encounters, braking and avoidance maneuvers among opposite direction pedestrians in counterflows are minimized. The resulting pattern is balanced in both directions and may be considered an optimal selforganization phenomenon [3] .
Human behavior in tsunami evacuations has been studied through questionnaires on natural hazard risk perception [24, 33, 34] or post tsunami surveys addressing respondent behavior in a tsunami event [27, 29, 30, 35] .
Integrated Simulator
An outline of Fig. 1 shows a scheme of the model. It consists of input data provided by spatial data in GIS format, human data related to evacuee preferences obtained from questionnaire results, the component of hazard is provided by TUNAMI inundation model output, and a set of agent behavior rules loaded into an agentbased simulation platform. The platform chosen in this study is the NetLogo modeling environment [36] . Outputs of casualty estimation, evacuation times, bottlenecks, shelter demand, etc. are obtained through report files, and snapshots or videos of the simulation process. The model is named TUNAMI-EVAC1 an acronym for Tohoku University Numerical Analysis Model for Investigation of Evacuation No.1. A screen snapshot of the model interface is shown in Fig. 2 .
We provided agents with the minimum necessary capability to process information and execute evacuation through simple behavior divided into layers. A brief introduction to the agent architecture and each layer is as follows:
• Layer 0, evacuation decision: The timing for starting evacuation is assigned randomly to each agent based on tsunami departure curves that models start time behavior through the stochastic simulation of random selected time bound by two Rayleigh distributions. The first curve is obtained from the distribution of the start time of evacuation decision collected with a stated preference survey, and the second is based on Rayleigh distribution with a mean equal to the estimated tsunami arrival time obtained from numerical simulation.
• Layer 1, shelter decision: There are two possible options for scenario exploration: first, the nearest shelter is selected by an agent based on direct Euclidean distance measure and, second, any shelter can be selected randomly. Traditionally, the nearest shelter condition has been applied. In many cases, however, preferences are not for the nearest shelter.
• Layer 2, route decision and path finding: The method used for finding a route -not necessary the shortest -is the A* (A star) algorithm with heuristics in grid space. This is the most popular graph search algorithm used in the video game industry [37] .
• Layer 3, speed adjustment: Speed variation is assumed to be a one-tail normal distribution of evacuee density in the agent field of view, with a maximum value of 1.33 m/s for pedestrians and 30 km/h (8.33 m/s) for cars [3, 38] .
Tsunami Hazard and Human Evacuation at La Punta, Peru
Finding shelter during a tsunami emergency in flat plains areas with a fast wave arrival time is a challenging task. Vertical evacuation to high buildings rising above the expected inundation depth is one of the most suitable alternatives for this kind of urban district. However, if spatial distribution combined with the available capacity of these structures are not well displayed, over-demand and under-demand conditions will be observed among them. In this section, we conduct the numerical simulation of a possible great earthquake in Peru similar to the historical 1746 earthquake. The resulting tsunami propagation inland is integrated with a multi agent model of human evacuation. Using stochastic simulation of the initial spatial distribution of residents and evacuation behavior start time, we evaluated the capacity-demand relation at each official tsunami evacuation building in the La Punta district of Callao in Peru. The capacitydemand index (CDI) is introduced as a way of mapping and identifying areas for mitigation action supporting the evacuation process of a population at risk of a tsunami.
3.1. Study Area: La Punta, Peru 3.1.
Historical Tsunami near La Punta
La Punta is part of the constitutional province of Callao, in central Peru (Fig. 3) , and one of six districts in the first national port city of Callao. La Punta, a peninsula in the western part of the province, is almost entirely surrounded by the Pacific Ocean except on its northeastern side, where it is bordered by downtown Callao. It is one of the smallest districts in Peru, with 4,370 inhabitants [39] and a total land area of 0.75 km 2 . Major earthquake and tsunami risks are present in this area, due to its low altitude topography, which is a maximum 3 m, and its geographic characteristics as a peninsula with a wide head on the sea and a narrow neck connected to the inland. Evacuation procedures and feasibility are of interest for the safety of La Punta residents and visitors. La Punta has been adversely affected by several historical earthquakes and tsunamis, such as the July 9 1586 earthquake with a magnitude of 8.6 and a local tsunami height of some 5 m [40] . Another two earthquakes on October 20 and 21 1687, with magnitudes 8.0 and 8.4, respectively, struck this area. The first one generated a local 5 m to 10 m tsunami. The second may have been located in southern areas [40] . One of the most memorable earthquakes in the Callao region is the great earthquake of October 28 1746, with a magnitude 8.0 to 8.6 that completely destroyed some central Peruvian coastal cities. A tsunami 15 m to 20 m in height resulting from this earthquake arrived half an hour after ground shaking and washed Callao city away in a 24 m run-up, killing 90% of the city's population [41] . Two centuries later, the Peruvian central coast experienced more activity on May 24 1940, with a local earthquake and tsunami of 3 m in height. An October 3 1974 event in Peru's capital Lima had a magnitude of 8.0 and a local tsunami height of 1.6 m [42, 43] . Since then, no large seismic activity has been reported in the Callao area. A possible seismic gap might be located in this area, threatening La Punta and other coastal cities with future large earthquakes and tsunamis.
Tsunami Evacuation Buildings
There are 19 official evacuation buildings in La Punta district and a 20 th building located immediately outside of the district in Callao province (Fig. 4) .
Population
The population by age according to the 2007 census [39] is shown in Fig. 5 . We have considered 4 groups of agent types based on the age interval. Fig. 5 shows the limit of each age interval in a vertical line. Children -kids in the figure -are considered to be from 1 to 11 years old; teenagers -teens in the figure -from 12 to 17, the main group of adults -adults in the figure -from 18 to 59, and the last group of pedestrians are persons over 60 years old -elders in the figure. Table 1 shows the number of people in each group or agent type for the three scenarios simulated -horizontal, vertical, and horizontal and vertical. In all cases a 15% of pedestrians are considered to be handicapped, following the census data.
Tsunami Numerical Simulation 3.2.1. Tsunami Source
Instantaneous displacement of the sea surface identical to vertical sea floor displacement is assumed in the tsunami source model. The source consist of 280 subfaults of 20 × 20 km each, proposed by [44] in the offshore zone of Lima. The tsunami simulation source is the result of a slip deficit rate with an interseismic period of 265 years since the 1746 historical earthquake in Peru (Fig. 6 ).
Numerical Modeling
Tohoku University's Numerical Analysis Model for Investigation of Near-field tsunamis (TUNAMI) was used as the tsunami modeling tool [45] . A set of nonlinear shallow water equations is discretized by the staggered leapfrog finite difference scheme. The bottom friction condition is in the form of Manning's formula constant in the whole domain. 
Evacuation Simulation
We used TUNAMI-EVAC1 [46] to observe tsunami inundation together with resident's evacuation behavior. The model was developed in NetLogo, a multi-agent programming language and modeling environment for simulating complex phenomena [47] . As mentioned above, the population modeled was categorized into four groups by age. The main difference in these groups or agent types is the maximum possible speed during evacuation. Table 1 shows that Teens and Adults can reach 1.33 m/s [3] .
Other types are assumed to have a speed reduction of 0.80 for Kids and 0.70 for Elders. Handicapped agents have an additional 0.50 speed reduction. In the case of cars, the maximum speed is 30 km/h (8.40 m/s) [38] . Speed varies as a half-tail normal distribution of density in the agent field of view of a 60-degree cone with a 5 m distance for pedestrians and 10 m for cars.
Cases for Simulation
For better comprehension of the necessity of tsunami evacuation buildings, we ran a case for horizontal evacuation alone with no use of tsunami evacuation buildings (TEBs). Next, as the main target of this section, the evaluation of the spatial distribution of TEBs is conducted for the vertical evacuation only case and a combined case of horizontal evacuation and vertical evacuation, possibly the most probable scenario in a real emergency. A detailed description of assumptions and constraints for each case is as follows:
1 Horizontal evacuation: In this case, pedestrians and cars are set to choose one of two possible exits out of the district -two streets leading northeast of the district ( Fig. 7 -triangles ).
2 Vertical evacuation: Here, the total of 20 available TEBs is considered for shelter ( Fig. 7 -circles) . Evacuees -pedestrians alone -choose the shelter nearest to their location regardless of the shelter capacity or condition. Thus, if the structure is full of evacuees related to its real capacity, evacuees are still allowed to enter the building. The reason for this decision is to observe over-demand for certain structures during the time of evacuation before the arrival of a tsunami. Further behavior can be considered in future evaluation, i.e. changing a shelter decision due to overcrowding of structures or selecting a shelter based not only on distance but capacity. Such behavior, however, despite any underlying rationality may not occur in a real emergency. We, therefore, leave these other conditions for future assessment and discussion.
3 Horizontal and vertical evacuation: The horizontal and vertical case is a combination of the two previously mentioned scenarios. In this case, pedestrians and cars are both considered. Possible shelter or escape points are the union of all points previously shown and detailed in Fig. 7 .
Start Time of Evacuation
In all cases, the start time condition of pedestrians and cars follows the tsunami departure curve method proposed in [48] . A tsunami departure curve is a set of possible departure behavior among residents bound by two distributions of behavior obtained by questionnaire and numerical tsunami simulation (Fig. 8) . In the case of La Punta, two pre tsunami or stated preference surveys were conducted in 2010 and 2011 in which we asked the following question to people who will evacuate in the case of an earthquake: "In the case of a near-field tsunami, how many minutes would you take to decide and prepare yourself for evacuation? (From the end of the earthquake to the beginning of your evacuation to a safe place)." Answers were given on multiple options in minutes intervals. Answers fit with the Rayleigh distribution obtaining a mean of distribution of 7 min -a fast evacuation compared to the expected tsunami arrival time of 20 min. Due to the lack of a post tsunami or revealed preference survey, a good approximation of the slow evacuation condition is related to a Rayleigh mean of distribution value equal to the expected arrival time of the tsunami (20 min) [48] . Finally, distributions characterized by a mean of 7 min and 20 min became the boundary of stochastic simulation of several departure curves for tsunami evacuation.
Results and Discussion 3.4.1. Casualty Estimation
The initial condition of residents is difficult to simulate in evacuation procedures due to the uncertainty of the time and date of a possible real event. In a nighttime scenario, it might be reasonable to initialize in the model a resident's location at a house; however in a daytime scenario, the dynamic status of people makes it difficult to assume an initial location for agents. We, therefore, accepted this uncertainty in the spatial initial location for agents and started the simulation at a random location inside a house or on the street or on a beach. We, then, ran 250 repetitions of scenarios with different initial location of agents in stochastic simulation, in order to build as Table 2 .
Average values of casualties in three cases: a) horizontal evacuation; b) vertical evacuation and c) horizontal and vertical evacuation. Table 2 .
The horizontal case shows the maximum average number of casualties, followed by the horizontal and vertical case, and then the vertical only case. Here, it is important to note that in the horizontal evacuation case 5,000 people among pedestrians and cars pretend to escape through only two narrow exits. As expected, traffic congestion is observed along exit roads and, in particular, near exits until the arrival of the tsunami. Snapshots each 10 min of simulation are shown in Fig. 9 . Final white dots are points of traffic and dark dots are final casualties. The necessity of tsunami evacuation buildings is observed through the results of this case. Here, the standard deviation of cars is high compared to the pedestrian agent type, this is due to the influence of traffic and congestion conditions for vehicles, which clearly shows high uncertainty in possible outcomes. More repetitions are necessary to observe a better convergence of cars' casualty estimation. For purposes of this paper, e.g. the evaluation of building demand, if we use the vertical scenario as the reference scenario, then this variability can be neglected.
For the vertical evacuation case, no traffic congestion was observed due to the availability of enough space for pedestrians and the restriction on vehicles in the scenario (Fig. 10) . The evacuation, apparently, runs smoothly with a minor number of casualties due to their late evacuation.
The third case simulated corresponds to the combination of horizontal and vertical evacuation cases. In this case, the number of casualties is lower compared to horizontal evacuation only due to the less use of some roads from pedestrians. It is observed that in several repetitions, although traffic congestion was observed at the narrow end of the district during evacuation, no casualties were observed at the end (Fig. 11) . It is probable that casualties will occur, however, during traffic congestion as shown by some other repetitions that had results similar to the horizontal only case. Table 3 shows detailed results for each tsunami evacuation building in regard to their capacity and the number of evacuees in vertical and horizontal and vertical cases. Furthermore, as observed also in Fig. 12 , 13 of the 20 TEBs resulted with average over demand while 7 still had space available. In the upper inset in Fig. 12 the difference in demand is clear from the vertical case to the horizontal and vertical case. While the horizontal and vertical case shows a lower demand of TEBs due to the possibility of shelter outside the area, the vertical case is shown to be more convenient to shelter more people and expect fewer casualties. It is necessary, nevertheless, to ensure the safety of evacuees even at over demanded shelters. As an example, building S11 with a capacity of 25 persons may expect around 180 residents in the area looking for shelter. This is seven times its capacity, meaning that a big group of people may not be able to access the roof area and will be compelled to remain on lower floors and thus at risk of inundation. New areas for vertical evacuation around the district should, therefore be implemented because the actual spatial location of TEBs compromises the safety of residents.
Shelter Demand

Capacity Demand Mapping
In order to contribute to future mitigation plans and new alternatives for evacuation at La Punta, the resulting capacity-demand rate is mapped as shown in Fig. 13 . The relation capacity-average demand of the cases shown in Table 3 In this sense, maps like the one shown in Fig. 13 are easy for local stakeholders and laypersons to understand. A value of 0.0 to 0.5, therefore, indicates that less than half of the structure has been occupied, also values from 0.5 to 1.0 show that at most the total capacity of the structure is being used. Important information comes from CDI values over 1.0, where over demand conditions are encountered. As a result, it is possible to conclude from the CDI map that the nearest buildings are unfortunately of comparatively lower capacity than those located at both ends of the district. Due to the behavior of shelter selection (nearest), most of the structures closer to the beach area on the north coast present over demand, while the population on the south coast may apparently be accomodated within available structures.
Conclusions
The model of evacuation presented here for the integrated simulation of a tsunami hazard and human evacuation was developed in Netlogo considering aspects of human behavior. The study case in La Punta, Callao, Peru revealed the necessity of a vertical evacuation alternative in the area. New areas or improvements of already existing shelters must be conducted to ensure the safety of evacuees. As confirmed in many tsunami events around the world, the use of vehicles may bring difficulties to the evacuation procedure due to traffic congestion and bottleneck conditions. The simulator tool developed in this study may contribute to a better comprehension of evacuation system characteristics and possible measures for improving its performance.
